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HIGHLIGHTS 


►  Ba3Cai.i8Nbi.8209_5  (BCN18)-based  SOFCs  were  fabricated  by  novel  two-step  co-sintering  method. 

►  Low  co-sintering  temperature  was  achieved  for  anode-supported  SOFCs  using  BCN18  electrolyte. 

►  Dense  BCN18  electrolyte  and  porous  anode  with  fine  particles  were  obtained. 

►  Combined  with  proper  electrodes,  two-step  co-sintering  led  to  higher  cell  performance. 
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Anode-supported  solid  oxide  fuel  cells  (SOFCs)  based  on  complex-perovskite  structured 
Ba3Cai.i8Nbi.820g_5  (BCN18)  proton-conducting  electrolyte  membranes  have  been  successfully  fabricated 
by  a  novel  two-step  co-sintering  method.  BCN18  has  been  reported  to  have  excellent  chemical  stability 
against  H20  and  C02,  but  is  relatively  difficult  to  densify.  In  this  study,  dense  BCN18  electrolyte 
membranes  with  fine  grain  size  have  been  obtained  by  a  novel  two-step  co-sintering  method  at  a  rela¬ 
tively  low  sintering  temperature  of  1,300  °C,  compared  to  the  typical  high  sintering  temperature  of 
1,550  °C.  Furthermore,  the  Ni— BaZro.1Ceo.7Yo.1Ybo.1O3_ 5  anode  obtained  by  the  novel  two-step  co-sin¬ 
tering  method  was  composed  of  small  particles  with  high  porosity  which  is  advantageous  for  electrode 
performance.  Single  fuel  cells  using  BCN18  as  the  electrolyte,  Ni— BaZro.iCeo.7Yo.iYbo.i03_5  as  anode  and 
Ba0.9Coo.7Feo.2Nbo.i03_5  as  cathode  demonstrated  a  power  density  of  106  mW  cm-2  at  750  °C,  the  best 
fuel  cell  performance  ever  reported  for  the  BCN18  electrolyte.  These  results  suggest  that  the  two-step  co¬ 
sintering  method  is  a  promising  method  to  optimize  the  microstructure,  and  combined  with  proper 
electrodes,  enhanced  performance  of  anode-supported  SOFCs  using  BCN18  proton-conducting  electro¬ 
lyte  can  be  obtained. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Proton-conducting  solid  oxide  fuel  cells  (PC-SOFCs)  have  the 
unique  property  of  conducting  protons  from  the  anode  (hydrogen 
electrode)  to  the  cathode  (oxygen  electrode),  while  producing  water 
at  the  cathode  side  which  avoids  fuel  dilution  problems  for  SOFCs  as 
compared  to  conventional  oxygen-ion-conducting  electrolytes. 
Furthermore,  solid  oxide  electrolysis  cells  (SOECs)  using  proton¬ 
conducting  electrolyte  can  produce  pure  and  dry  hydrogen  on  the 
hydrogen  electrode,  a  significant  advantage  compared  with  those 
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using  oxygen-ion-conducting  electrolytes  where  hydrogen 
is  produced  concurrently  with  steam  requiring  further  drying 
steps  [1  ].  In  addition,  the  lower  activation  energy  and  relatively  high 
proton  conductivity  at  intermediate  temperatures  attainable  from 
proton  conducting  oxides  enables  reduced  operating  temperature 
PC-SOFCs,  potentially  lowering  the  cost  and  enhancing  the  durability 
and  reliability  of  SOFC  systems  [2]. 

Among  the  different  types  of  solid-state  proton  conducting 
materials,  the  most  extensively  studied  materials  are  simple 
perovskite  structured  AM03-based  proton  conductors  (A=Ba  and/ 
or  Sr  while  M=Ce,  Zr,  Ta  and  In,  or  a  solid  solution  of  multiple 
elements  in  the  B-site,  doped  with  Y  and/or  lanthanides  such  as 
Yb,  Gd,  Nd,  and  Sm  in  the  B-site  [3-6]).  However,  it  is  extremely 
difficult  to  achieve  both  good  chemical  stability  and  high  electrical 
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conductivity  in  these  materials.  Although  BaCeCU-based  PC-SOFCs 
have  demonstrated  high  power  output,  the  long  term  stability 
is  an  issue  since  BaCe03  has  relatively  low  chemical  stability  in  water 
and  CO2  atmospheres  at  typical  SOFC  operating  conditions.  BaZrCV 
based  proton  conductors  show  good  chemical  stability  but  the  total 
conductivity  is  relatively  low  [7,8].  Consequently,  significant  efforts 
have  been  made  in  exploring  novel  proton  conducting  oxides  with 
improved  chemical  stability  and  acceptable  conductivity  [9-12]. 
Among  the  different  novel  materials  explored,  complex-perovskite 
structured  BasCai.igNbi^Og-s  (BCN18)  has  been  reported  to  possess 
acceptable  conductivity  and  excellent  chemical  stability  towards 
C02  and  H20  at  the  typical  SOFC  operating  conditions  [13,14].  In 
addition,  it  has  been  recently  discovered  that  dopants  in  the  Nb  sites 
can  improve  proton  conductivity  without  sacrificing  the  chemical 
stability  [15].  Unfortunately,  very  few  reports  have  explored  the  use 
of  BCN18  materials  in  SOFC  applications  due  to  the  low  sinterability 
of  the  BCN18  electrolyte  as  well  as  the  lack  of  compatible  electrode 
materials  [14,15].  A  maximum  power  output  of  48  mW  cm-2  at 
700  °C  has  been  reported  for  SOFCs  using  BCN18  electrolyte 
membrane  prepared  by  an  in-situ  method  (to  lower  the  sintering 
temperature  to  1,400  °C)  [16].  High  sintering  temperature  may  result 
in  the  evaporation  of  cations  in  the  BCN18  electrolytes  as  well  as  the 
densification  of  the  anode  and  Ni-coarsening,  deteriorating  the  cell 
electrochemical  performance. 

The  two-step  sintering  method  has  been  proved  to  be  a  simple  and 
effective  approach  to  prepare  fine-grained  dense  oxide  materials  with 
significantly  reduced  sintering  temperature  [17-21].  The  sample  is 
typically  preheated  to  a  higher  temperature  followed  by  rapid  cooling 
to  an  intermediate  temperature  which  is  maintained  constant  for  long 
durations  in  order  to  suppress  grain  boundary  migration  (which 
occurs  at  higher  temperature)  while  still  keeping  active  grain 
boundary  diffusion  (which  occurs  at  lower  temperature)  [17].  In  this 
study,  we  have  applied  a  two-step  co-sintering  (denoted  as  TS-CS 
afterwards)  method  to  fabricate  SOFCs  based  on  BCN18  electrolyte. 
By  co-pressing  the  Ni-based  anode  and  BCN18  electrolyte  and  then 
co-sintering  the  bi-layer  with  a  two-step  sintering  method,  dense 
BCN18  electrolyte  membrane  and  porous  Ni-based  anode  with  fine 
particle  sizes  have  been  obtained  at  a  significantly  reduced  co¬ 
sintering  temperature  of  1,300  °C  Ba0.gCoo.7Feo.2Nbo.i03_5  (BCFN) 
has  been  chosen  as  cathode  material  in  this  work  due  to  its  high 
electrochemical  performance  and  good  chemical  stability  [22].  The 
cell  performance  based  on  BCN18  electrolyte  has  been  evaluated 
using  humidified  hydrogen  as  fuel  and  ambient  air  as  oxidant. 
Significant  improvement  in  cell  performance  has  been  achieved 
compared  with  the  BCN18  proton  conducting  SOFCs  fabricated  using 
the  conventional  sintering  process. 


2.  Experimental 

Powder  samples  of  Ba3Cai.i8Nbi.820g_5  (BCN)  electrolyte  were 
prepared  by  conventional  solid-state  reaction  method  as  reported 
elsewhere  [15,23].  Pure  BCN18  powder  was  finally  obtained  after 
calcination  at  1,200  °C  for  5  h  in  air  with  a  heating  rate  of  3  °C  min-1. 
For  fuel  cell  fabrication,  NiO-BaZr0.iCeo.7Y0.iYbo.i03_§  composite 
was  adopted  as  the  anode  and  Bao.gCoo.7Feo.2Nbo.i03_§  was  chosen  as 
the  cathode  material.  The  former  showed  excellent  performance  as 
a  composite  anode  material  [4],  and  the  latter  showed  good 
compatibility  with  the  thermal  expansion  coefficient  of  BCN18 
and  good  performance  as  a  cathode  [22].  Phase  formation  of  the 
samples  were  determined  by  a  Mini  X-ray  powder  diffractometer 
(Rigaku,  Japan)  with  graphite-monochromatized  CuKa  radiation 
(A  =  1.5418  A)  with  a  scanning  rate  of  5°min-1.  Morphologies  were 
characterized  by  scanning  electron  microscopy  (SEM,  FEI  Quanta  and 
XL  30)  and  thermal  field  emission  scanning  electron  microscopy 


(FESEM,  Zeiss  Ultra  plus)  equipped  with  an  energy  dispersive  X-ray 
spectroscopy  (EDS)  analyzer.  The  anode  substrates  containing  NiO 
(J.T.  Baker,  99%),  BaZr0.iCeo.7Yo.iYbo.i03-5  (BZCYYb)  [24]  and  graphite 
(Alfa  Aesar,  99.8%)  with  a  weight  ratio  of  3 :2 : 1  were  fabricated  by  die 
pressing  under  100  MPa.  BCN18  electrolyte  powder  was  then  added 
onto  the  substrate  and  co-pressed  at  300  MPa  to  form  a  bi-layer  [25]. 
The  green  bi-layers  were  subsequently  treated  with  TS-CS  method 
using  the  profile  shown  in  Fig.  1.  The  bi-layer  was  first  preheated  to 
1,450  °C  to  achieve  an  intermediate  density  for  the  electrolyte,  and 
then  rapidly  cooling  down  to  1,300  °C  and  hold  for  20  h  to  allow  full 
densification  of  the  electrolyte  membrane.  After  TS-CS  treatment, 
dense  BCN18  electrolyte  film  with  a  thickness  of  25  pm  on  the  porous 
NiO-BZCYYb  anode  substrate  was  obtained.  The  BCFN  cathode  ink 
was  prepared  by  ball-milling  with  an  organic  solvent  (V-006,  Fler- 
aeus)  and  subsequently  pasted  on  the  BCN18  electrolyte  surface  of 
the  as-prepared  electrolyte/anode  bi-layer,  followed  by  firing  at 
1,000  °C  for  2  h  to  form  a  single  cell.  The  thickness  of  the  cathode  was 
approximately  35  pm  and  the  effective  area  of  the  cathode  was 
0.33  cm2.  Single  cells  were  sealed  on  alumina  tubes  using  silver  paste 
and  ceramic  bond.  Cells  were  tested  with  hydrogen  (containing  3  vol 
%  FI2O)  as  fuel  and  ambient  air  as  the  oxidant.  The  cells  were  stabilized 
at  750  °C  to  allow  NiO  fully  reduced  to  Ni  particles  before  the  elec¬ 
trochemical  tests.  Cell  power  output  and  AC  impedance  spectra  were 
measured  using  a  Versa  STAT3-400  electrochemical  station  with  an 
applied  10  mV  perturbation  voltage. 

3.  Results  and  discussion 

3.1.  Sinterability 

Fig.  1  shows  the  sintering  profile  and  dilatometry  study  of  the 
two-step  sintering  method  applied  to  the  BCN18  electrolyte.  The 
sintering  behavior  for  BCN  18  using  conventional  sintering  method 
has  also  been  included  for  comparison.  For  the  conventional  sinter¬ 
ing,  the  sample  was  heated  at  1,450  °C  and  held  for  5  h.  While  for  the 
two-step  sintering,  the  BCN18  material  was  preheated  at  1,450  °C  for 
1  min  followed  by  rapid  cooling  to  1,300  °C  and  then  held  for  20  h. 
Although  the  sample  sintered  using  the  conventional  sintering 
method  exhibits  higher  linear  shrinkage,  the  temperature  at  which 
the  maximum  linear  shrinkage  rate  (dL/dt)max  appears  is  similar 
to  that  of  the  two-step  sintering  method.  The  sample  sintered  by  the 
two-step  sintering  method  exhibits  larger  (dL/dt)max  as  shown  in 
the  inset  in  Fig.  1,  probably  caused  by  the  suddenly  cooling  down  of 
the  sample  immediately  after  1,450  °C.  After  applying  TS-CS  method 
to  the  anode-electrolyte  bi-layer,  the  electrolyte  membrane  is 


Fig.  1.  Sintering  profiles  and  dilatometric  curves  of  BCN18  electrolyte  material  with 
conventional  (Conv.)  sintering  and  two-step  (TS)  sintering  method,  inset  is  expanded 
view  of  the  linear  shrinkage  rate  (dL/dt). 
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Fig.  4.  (a)  Cell  voltage  and  power  density  as  a  function  of  current  density  for  Ni- 
BCN 1 8 1 BCN 1 8 1 BCFN  single  cell  fabricated  by  conventional  sintering  method  at  1,400  °C 
for  5  h,  and  (b)  impedance  spectra  of  the  single  cell  under  open-circuit  conditions. 
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Fig.  2.  XRD  patterns  for  (a)  BCN18  electrolyte,  BCFN  cathode  and  BCN18-BCFN  powder 
mixture  heated  at  1,100  °C  for  2  h;  (b)  BZCYYb,  and  NiO-BZCYYb  powder  mixture 
heated  at  1,400  °C  for  5  h. 


densified  (as  shown  in  the  SEM  pictures  in  Fig.  6)  with  the  assistance 
of  the  driven  force  originated  from  the  shrinkage  of  the  anode 
substrate  during  the  co-sintering  process. 


3.2.  Phase  analysis 

To  check  the  chemical  compatibility  between  the  electrolyte  and 
the  cathode,  BCN18  and  BCFN  with  weight  ratio  of  1:1  were 
mechanically  mixed  and  heated  to  1,100  °C  for  2  h.  Fig.  2(a)  shows  the 
XRD  patterns  of  BCN18  and  BCFN  and  their  mixture  after  heat 


treatment.  No  observable  secondary  peaks  can  be  detected,  implying 
that  BCN18  and  BCFN  are  chemically  compatible  during  the  fuel  cell 
fabrication  and  testing  processes.  XRD  patterns  for  the  anode 
composite  NiO-BZCYYb  after  co-sintering  at  1,400  °C  for  5  h  exhibit 
predominantly  NiO  and  BZCYYb  phases,  while  minor  peaks  corre¬ 
sponding  to  BaNiOx  secondary  phase  are  found,  as  shown  in  Fig.  2(b), 
indicating  that  trace  amount  of  BaO-NiO  solid  solution  might 
be  formed  during  the  high  temperature  co-sintering  process  [26].  A 
NiO-BCN18  composite  was  not  chosen  as  the  anode  since  CaO  in 
BCN18  reacts  with  NiO  to  form  CaO-NiO  solid  solutions  at  the  co- 
sintering  temperatures  [27,28].  In  BCN18  (Ba3Cai.i8Nbi.820g_5),  the 
inclusion  of  extra  CaO  results  in  oxygen  vacancies  and  thus  enhanced 
ionic  conductivity  for  the  material  [9].  The  solid  solution  of  CaO-NiO 
formed  in  the  anode  will  thus  be  detrimental  to  the  electrical 
conductivity  of  BCN18  in  the  anode  due  to  the  loss  of  CaO.  The  overall 
electrochemical  performance  for  fuel  cells  with  NiO-BCN18  as  an 
anode  might  not  be  as  good  as  the  NiO-BZCYYb  materials  system.  To 
confirm  this,  a  NiO-BCN18  composite  was  sintered  at  1,400  °C  for  5  h 
and  the  back-scattered  electron  (BSE)  image  and  spot  scan  of  the  EDS 
patterns  for  the  grains  were  taken.  Two  phases  were  clearly  formed  as 
shown  in  Fig.  3(a).  However,  nickel  peaks  can  be  found  from  the  spot 
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Fig.  3.  (a)  Back- scattered  electron  (BSE)  image  of  NiO-BCN18  composite  sintered  at  1,400  °C  for  5  h,  EDS  pattern  of  “light”  grains  (b)  and  “dark”  grains  (c). 
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Fig.  5.  (a)  Cell  voltage  and  power  density  as  a  function  of  current  density  for  Ni- 
BZCYYb | BCN 18 1 BCFN  single  cell  at  different  temperatures,  and  Impedance  spectra  and 
resistances  of  the  single  cell  under  open-circuit  conditions:  (b)  impedance  spectra  of 
the  single  cell  at  different  temperatures,  and  (c)  the  ohmic  resistance  (R0 hm),  the 
polarization  resistance  ( Rp )  and  the  total  resistance  (Rto tai)  of  the  cell  as  a  function  of 
operating  temperature. 


scan  of  EDS  patterns  for  the  ceramics  phases  (“light”  grains  in  the  BSE 
images)  as  shown  in  Fig.  3(b),  indicating  that  NiO  dissolved  into 
BCN18.  EDS  patterns  for  nickel  phases  (“dark”  grains  in  the  BSE 
images)  shown  in  Fig.  3(c)  also  suggest  that  trace  amount  of  BaO  and 
CaO  dissolved  into  NiO.  NiO-BCN18|BCN18|BCFN  fuel  cells  were 
fabricated  and  showed  a  fairly  low  power  output  of  46  mW  cm-2  at 
700  °C,  similar  to  the  reported  data  [16],  mainly  due  to  the  relatively 
large  ohmic  resistance  (shown  in  Fig.  4). 

3.3.  Electrochemical  performance 

Shown  in  Fig.  5(a)  are  the  I-V  curves  and  power  density  of  the 
BCN18  cell  fabricated  by  TS-CS  method  at  different  temperatures. 
Maximum  power  densities  of  56,  79,  97,  and  106  mW  cm-2  with 
open-circuit  voltage  (OCV)  values  of  1.04, 1,  0.95  and  0.91  V  were 
obtained  at  600,  650,  700  and  750  °C,  respectively.  The  OCV  values 
are  consistent  with  the  reported  data,  indicating  that  the  electro¬ 
lyte  membrane  is  sufficiently  dense  [16].  The  OCV  values  are  lower 
than  the  Nernst  potentials,  especially  at  high  temperatures,  which 
may  be  caused  by  the  increased  electronic  conduction  with 
temperature  for  the  proton  conducting  BCN18  electrolyte 
membranes.  With  increase  in  the  operating  temperature,  the 
electronic  conductivity  increases  resulted  through  the  following 
defect  equations: 

02  +  2V0~20g+2h  (1) 

H2(g)  +  200x~20H0  +  2e'  (2) 

where  V0  represents  oxygen  vacancy,  Og  represents  lattice 
oxygen,  and  OH0  represents  proton  charge  carrier.  The  electrolyte 
may  show  p-type  conduction  near  the  cathode  side  and  n-type 
conduction  near  the  anode  side  in  the  fuel  cell  operating  condi¬ 
tions.  The  maximum  power  output  obtained  in  this  study  is  more 
than  doubled  compared  with  those  using  BCN18  electrolyte 


Fig.  6.  Cross-sectional  SEM  images  of  post-tested  Ni-BZCYYb|BCN18|BCFN  SOFC  fabricated  by  two-step  co-sintering  method:  (a)  single  cell,  (b)  electrolyte-cathode  interface,  (c) 
electrolyte-anode  interface,  and  (d)  electrolyte-anode  interface  sintered  by  conventional  sintering  method. 
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Table  1 

The  ohmic  resistance  R0,  polarization  resistance  Rp  and  total  resistance  Rt  obtained 
from  the  impedance  spectra  and  their  ratios. 


Temperature  (°C) 

R0  (Q  cm2) 

Rp  (Q  cm2) 

Rt  (Q  cm2) 

RJRt 

RpIRt 

600 

3.74 

1.01 

4.75 

78.7% 

21.3% 

650 

2.55 

0.80 

3.35 

76.1% 

23.9% 

700 

2.19 

0.24 

2.43 

89.9% 

9.9% 

750 

1.90 

0.15 

2.05 

92.5% 

7.3% 

fabricated  by  an  in-situ  method  (48  mW  cm-2  at  700  °C)  [16].  The 
significantly  enhanced  cell  performance  is  attributed  to  the 
adoption  of  the  TS-CS  method  to  lower  the  co-sintering  temper¬ 
ature  as  well  as  judicious  selection  of  the  anode  configuration.  This 
processes  resulted  in  dense,  fine-grained  electrolyte  membranes, 
combined  with  an  anode  composite  with  small  particles  and  high 
porosity,  resulting  in  a  significant  reduction  in  the  ohmic  polari¬ 
zation  resistance.  Fig.  5(b)  shows  the  electrochemical  impedance 
spectra  of  the  cell  measured  under  open-circuit  conditions  at 
different  testing  temperatures.  The  high  frequency  intercept 
represents  the  ohmic  resistance  of  the  cell  (ft0),  including  ionic 
resistance  of  the  electrolyte  and  electronic  resistance  of  the  elec¬ 
trodes.  The  low  frequency  intercept  corresponds  to  the  total 
resistance  (Rt)  of  the  cell.  Rt  includes  the  R0  and  the  interfacial 
polarization  resistance  (Rp),  which  corresponds  to  cathode- 
electrolyte  interfacial  resistance  and  anode-electrolyte  interfacial 
resistance.  The  R0,  Rp  and  Rt  obtained  from  the  impedance  spectra 
are  plotted  in  Fig.  5(c)  and  summarized  in  Table  1.  The  increase  in 
the  testing  temperature  resulted  in  a  significant  reduction  of  both 
the  Ro  and  Rp,  with  the  ratio  of  R0  to  Rt  increased  from  78.7%  to 


92.5%  (See  Table  1),  implying  that  the  performance  of  the  cell  is 
strongly  limited  by  the  ohmic  resistance.  The  area  specific  ohmic 
resistance  (ASR)  contributed  from  the  25  pm  thick  BCN18  elec¬ 
trolyte  membrane  can  be  estimated  from  the  conductivity  of  the 
electrolyte  (a  =  2xl0~3  S  cm-2  at  600  °C  in  air)  [15].  The  expected 
ohmic  resistance  from  the  BCN18  electrolyte  membrane  is 
1.25  Q  cm2  at  600  °C,  while  the  obtained  ohmic  resistance  of  the 
cell  is  3.74  Q  cm2  based  on  the  cell  impedance  spectra.  It  seems 
that  ohmic  resistance  of  the  electrodes  and  contact  resistance 
between  the  electrolyte  and  the  electrode  still  plays  significant 
role  in  the  total  cell  ohmic  resistance.  Furthermore,  the  relatively 
low  polarization  resistance  indicates  that  BCFN  may  be  a  suitable 
cathode  candidate  for  intermediate  temperature  SOFCs  with 
BCN18  proton-conducting  electrolytes.  Further  enhancements  in 
cell  performance  can  be  expected  by  preparing  chemical 
compatible  electrodes  with  the  electrolyte  or  utilizing  electrolyte 
membranes  with  high  proton  conductivity  such  as  rare-earth 
element  doped  BCN18  [15]. 

3.4.  Microstructural  analysis 

The  cross-sectional  images  of  the  single  cell  after  electrochemical 
measurements  are  shown  in  Fig.  6(a-c).  The  electrolyte-anode 
interface  sintered  by  the  conventional  sintering  method  at 
1,400  °C  for  5  h  is  also  shown  in  Fig.  6(d)  for  comparison.  It  can  be 
seen  that  the  electrodes  are  well  adhered  to  the  electrolyte 
membrane  and  there  are  no  apparent  cracks  in  the  dense  BCN18 
electrolyte  membrane  fabricated  by  the  TS-CS  method.  Compared 
with  the  conventional  sintering  process  (Fig.  6(d)),  the  BCN18 
electrolyte  grains  from  the  TS-CS  method  are  much  finer, 
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Fig.  7.  EDS  elemental  mapping  of  the  electrolyte-anode  interface  for  Ni-BZCYYb|BCN18|BCFN  SOFC:  (a)  Ba,  (b)  Ca,  (c)  Nb,  (d)  Ni. 
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characteristic  of  a  “frozen”  microstructure  observed  in  a  two-step 
sintering  process  due  to  the  diffusion  of  grain  boundaries  without 
grain  boundary  migration  [17,29].  Similar  to  the  electrolyte,  the 
anode  particles  derived  from  the  TS-CS  method  are  much  smaller 
than  those  from  the  conventional  sintering  method.  By  avoiding 
Ni-coarsening  during  the  sintering  process,  the  finer  anode  micro¬ 
structure  obtainable  from  TS-CS  method  is  advantageous  to  the  cell 
electrochemical  performance  due  to  increased  number  of  the  triple 
phase  boundary  (TPB)  sites  in  the  anode.  Selected  elemental 
distributions  from  the  EDS  mapping  of  the  electrolyte-anode 
interface  are  shown  in  Fig.  7.  It  can  be  seen  that  the  element  distri¬ 
butions  are  homogeneous  in  confined  areas,  with  Ba  distributed  in 
both  the  anode  and  the  electrolyte,  while  Ca  and  Nb  only  distributed 
in  the  electrolyte  and  Ni  constrained  only  in  the  anode  side,  indi¬ 
cating  that  no  observable  elemental  diffusions  took  place  between 
the  anode  and  the  electrolyte  during  the  fuel  cell  operations.  It 
should  be  noted  that  the  BCN18  electrolyte  membrane  fabricated  by 
dry-pressing  in  the  study  (about  25  pm  in  thickness)  is  about  10  pm 
thicker  than  those  prepared  by  an  in-situ  method  [16].  Considering 
the  reduced  co-sintering  temperature  combined  with  100% 
improvement  in  cell  output  power  density,  this  TS-CS  method  has 
demonstrated  great  potential  for  the  fabrication  of  anode-supported 
SOFCs  with  lower  sintering  temperatures  and  higher  cell 
performance. 


4.  Conclusions 

Ba3Cai.i8Nbi.820g_§  (BCN18)  proton  conductor  based  SOFC  has 
been  successfully  fabricated  by  a  novel  two-step  co-sintering 
method.  This  method  lowered  the  co-sintering  temperature  of  the 
anode-electrolyte  bi-layer,  restricted  the  grain  growth  of  the 
particles  to  obtain  fine-grained  dense  electrolyte  and  ultrafine 
anode  particles  with  high  porosity.  The  BCN18  based  SOFCs, 
combined  with  proper  electrode  materials,  demonstrated  the 
highest  ever  maximum  power  densities  for  these  materials.  The 
two-step  co-sintering  method  therefore  shows  great  potential  and 
deserves  further  study  for  the  fabrication  of  other  anode-supported 
SOFC  systems  with  optimized  sintering  profiles  for  improved 
electrochemical  performance. 
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